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In recent years, sliding-mode control (SMC) has been sug-
gested as an approach for the control of systems with nonlin-
earities, uncertain dynamics and bounded input disturbances.ns.edu.eg (S.F. Saraya),
lsalam).
y. Production and hosting by
Shams University.
lsevierThe most distinguished features of the SMC technique are:
(i) insensitivity to parameter variations, (ii) external distur-
bance rejection and (iii) fast dynamic responses. However,
there is undesirable chattering in the control effort and bounds
on the uncertainties required in the design of the SMC. The
uncertainties usually include unmodel dynamics, parameter
variations and external disturbances [1–4]. If the actual bounds
of the uncertainties exceed the assumed values designed in the
controller, stability of the system is not guaranteed.
Like other conventional control structures [5–7], the design
of sliding-mode controllers needs the knowledge of the mathe-
matical model of the plant, which decreases the performance in
some applications where the mathematical modeling of the sys-
tem is very hard and where the system has a large range of
parameter variation together with unexpected and sudden
external disturbances [8–11].
In this paper, a decoupled sliding-mode control (DSMC)
design strategy is used to control the speed of PMSM. The
motor system is divided into two subsystems with different
switching surfaces to achieve the desired speed.
122 F.G. Areed et al.2. PMSM mathematical model
PMSM drives are becoming more popular and replace classical
motors in industrial applications, machine tools and residen-
tial applications. In a PMSM the excitation is provided by
means of using permanent magnets mounted on the rotor.
PMSMs present numerous advantages like high efﬁciency,
high torque to inertia ratio, high power density, reliability
and long life.
For control unit design the synchronous motor is modeled
in rotating rotor coordinates {d, q}. Unlike in stator coordi-
nates {a, b, c}, where the signals have to be modulated on sine
waves in order to propel the machine, the waveform of all vari-
ables in rotor coordinates is unconstrained and the modulation
is carried out implicitly during transformation from rotor to
stator coordinate.
Eq. (1) shows the transformation matrix between 3 phase
currents (Iabc) and dq-courrents (Idq):
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The PMSM model is given by the following differential
equations as [12]:
_Lid ¼ Rid þ pxLqiq þ ud
_Liq ¼ Riq  pxLdid  kpxþ uq
Te ¼ 1:5p½kiq þ ðLd  LqÞidiq
J _x ¼ Te  lx TL
_h ¼ x;
ð2Þ
where ud, uq: the rotor voltages in {d, q} coordinates (V); id, iq:
rotor currents in {d, q} coordinates (A); h: the electrical rotor
position (rad); x: the angular velocity of the motor shaft in
electrical (rad/s); Rd, Rq: the winding resistance of d and q axis
(X); Ld, Lq: the inductance of d and q axis (H), k: rotor magnet
ﬂux linkage (Wb); J: the rotor and shaft inertia (kg m2); l: the
coefﬁcient of friction (N.m.s); p: the number of permanent
magnet pole pairs; TL: the disturbing external torque (N.m)
and Te: the motor torque (N.m).
For Ld = Lq = L then the motor torque will be
Te ¼ 1:5pkiq ¼ Kiq; ð3Þ
where k is the motor torque constant.
Substitution in Eq. (2), so the model can be written as:
_Lid ¼ Rid þ pxLiq þ ud
_Liq ¼ Riq  pxLid  23 kxþ uq
J _x ¼ Te  lx TL
_h ¼ x:
ð4ÞFigure 1 The sliding surface (S).3. Motor model in state space equations
Let
x1 ¼ id
x2 ¼ iq
x3 ¼ x;
ð5Þthen the model can be written as
_x1 ¼  RLd x1 þ px3x2 þ 1Ld ud
_x2 ¼  RLq x2  px3x1  23Lq kx3 þ 1Lq uq
_x3 ¼  lJ x3 þ 1J kx2  1J Tl;
ð6Þ
so the model can be written as :
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From Eqs. (6) and (7), it is obvious that the dynamic model
of PMSM is highly nonlinear because of the coupling between
the speed and the electrical currents, in addition to the satura-
tion effect of the magnetic circuit and the existing viscous
friction.
The PMSM parameters are: 1.1 KW, 3000 RPM, R=
2.875 X, Ld = Lq = 8.5 mH, P= 4 pair of poles (8 poles),
J= 0.8 · 103 kg m2, l= 1 N.m.s.
4. Sliding mode control and decoupling
There is currently a large interest in sliding mode control algo-
rithms due to their robustness properties and possibilities to
decouple a high dimensional design problem into a set of lower
dimensional independent sub-problems.
The switching surface: Consider a general type of system
represented by the state equation,
_x ¼ fðx; u; tÞ: ð8Þ
The control u(x, t) with its respective entry ui(x, t) has the
form
uiðx; tÞ ¼
uþi ðx; tÞ if siðxÞ > 0
ui ðx; tÞ if siðxÞ < 0

; ð9Þ
where uþi ðx; tÞ, ui ðx; tÞ and siðxÞ are continuous functions.
siðxÞ is an (n  1) dimensional switching function. Since ui(x, t)
undergoes discontinuity on the surface siðxÞ ¼ 0; siðxÞ ¼ 0 is
called a switching surface or switching hyperplane as in Fig. 1.
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Lims!0þ _S < 0; Lims!0 _S > 0: ð10Þ
Since it is required to produce a control input ui(x, t) that
applied to the system to obtain the desired output. i.e., it is
required to determine the PMSM wave currents (id, iq) and
voltages (ud, uq) in order to obtain the desired output speed
(x).
Due to the nonlinearity and the complexity of the motor
model, it is needed to decouple the system into two subsystems
that are the electrical and the mechanical systems that shown
in Fig. 2.
4.1. Electrical subsystem model
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In the electrical system, the object is to produce output cur-
rents for driving the mechanical parts of the motor by adjust-
ing the input voltages waveforms with knowing motor
velocity.
4.2. Mechanical subsystem model
_x ¼ _x3 ¼  l
J
h i
x3 þ K
J
 
x2  1
J
 
Tl: ð12Þ
In the mechanical system, from the controlled input cur-
rents the motor rotates till reaching the desired velocity.
5. Sliding mode control design
The main idea behind the decoupled strategy is to decouple a
nonlinear system appearing in the form of Eq. (7) into two
subsystems as electrical and mechanical in the form of Eqs.
(11) and (12). The electrical subsystem is chosen as a primary
target while the mechanical subsystem is used as a secondary
target.
However, the selection of the primary and the secondary
subsystems is problem dependent. Here, the control objective
is to devise a control strategy that would move the states of
both subsystems toward their sliding surfaces S1 = 0 and
S2 = 0. The electrical subsystem involves knowledge from
mechanical subsystem, and the mechanical subsystem is driven
from the electrical subsystem.
Let the sliding surface function S1 be deﬁned as
S1 ¼ c1x1 þ c2x2; ð13ÞFigure 2 Decomposition into subsystems (synchronous motor
with load).where c1 and c2 are the sliding surface S1 constants for dq-axis,
for simpliﬁed calculations use current transform to convert
from dq-axis to abc-axis, so Eq. (13) can be expressed as:
S1 ¼ c1ðira  iaÞ þ c2ðirb  ibÞ þ c3ðirc  icÞ; ð14Þ
where c1, c2 and c3 are the sliding surface S1 constants for abc-
axis ira, irb and irc are the references three phases currents. ia, ib
and ic are the actual three phases currents.Let the sliding sur-
face function S2 is deﬁned as
S2 ¼ c4ðxr  xÞ; ð15Þ
where c4 is the sliding surface S2 constant, xr is the reference
motor speed. x is the actual motor speed.
In the design of decoupled sliding-mode controller, an
equivalent control is ﬁrst given so that the states can stay on
sliding surface. Thus, in sliding motion, the system dynamic
is independent of the original system and a stable equivalent
control system is achieved. So the decoupled sliding-mode con-
troller u can be divided into an equivalent control input and a
hitting control input if it has the following control law:
u ¼ ueq MsatðS1Þ; ð16Þ
where M is a positive constant, ueq is the equivalent.
The sliding mode controller block diagram can be shown in
Fig. 3 after determining the desired position and calculating
the reference currents ira, irb, irc. Sliding mode control produces
on/off signals g for the switching inverter which in turn oper-
ates the synchronous machine. Observing the motor current
position and angular velocity to adapt the sliding mode for
reaching the sliding surfaces.6. SMC controller
The SMC speed controller is shown in Fig. 4.
The model contains PI block which is used to calculate the
reference signal needed in dq-axis. A dq-abc-transform block
transfers the dq-currents to abc-currents format. The SMC2
starts to calculate the tracking error in speed Eq. (15), hence
produces the reference currents needed for the motor. SMC1
calculates the tracking error in currents Eq. (14), then pro-
duces output voltages to force the system toward the sliding
surface ﬁrst (reaching) , then SMCs try to keep the system
slides on the switching surfaces till reaching the desired speed
. The SMC1 contents are shown in Fig. 5.
The contents of compare, compare2 and 3 are shown in
Figs. 6–8, respectively.
The transfer function is a ﬁlter to reduce the harmonics
with the measured current, then satisfy the sliding surface
(S1) to obtain the control output. Selecting c1 = c2 = c3 be-
cause of the contribution of each phase is similar to the others.
Large constants required for faster response. But not too large,
otherwise the motor will suffer from torque ripples. When the
S1 moves toward the origin (the reference currents are near the
actual currents) and with motor current ranges from +1.72 to
1.72 A, larger constants c1, c2 and c3 are required specially
with small current differences. If these constants are too large
then S1 may change its sign and may induce torque ripples.
The SMC2 contents are shown in Fig. 9.
For reaching the desired speed with faster response and
without speed oscillations, it should select c4 not small than
1 for achieving faster response and not large for reducing the
speed oscillations i.e., c4 should be close to 1.
Figure 3 Sliding mode speed control block diagram.
Figure 4 PMSM speed control using SMC.
Figure 5 The SMC1 controller.
Figure 6 Compare contents.
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Figure 7 Compare1 contents.
Figure 8 Compare2 contents.
Figure 9 SMC2 contents.
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Figs. 10–14 summarize the simulation results for a three-phase
motor rated 1.1 kW, 3000 rpm. The load torque applied to the
machine’s shaft is originally set to its nominal value (3 N.m)
and steps down to 1 N.m at t= 0.04 s. The desired speed is
300 rad/s.
Fig. 10 shows the sliding surfaces. It is noted SMC forces
the states of the system to move toward the sliding surfaces,
then keeping the states slide on these surfaces achieving the re-
quired performance.Fig. 11 shows the PMSM speed, torque, currents and volt-
age using the SMC controller. These results can be summa-
rized as the following :
 The reference speed is 300 rad/s, the motor speed stabilized
at 0.02 s. Table 1 summarizes the results.
 The torque stabilized at the nominal torque 3 N.m till
0.04 s. The motor torque drops to 1 N.m at 0.02 s due
to the torque reducing, then the SMC controller tries to
overcome the sudden torque changes and stabilize the tor-
que at 2 N.m.
Figure 10 The sliding surfaces.
Figure 11 SMC controller simulation curves of PMSM.
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Figure 12 PMSM speed control using PWM.
Figure 13 PWM controller simulation curves of PMSM.
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are reduced and stabilized in sinusoidal waveform with
max. 4 A. When the load torque is reduced to 2 N.m at
0.04 s, all currents are reduced to max. 1.72 A.
 Chopping the motor voltage to achieve the required cur-
rents for adjusting the speed.8. Comparative analysis
Another technique can be used to control the speed of the
PMSM. PWM (pulse width modulation) inverter is used to
control the waveforms of currents and voltages that will be ap-
plied to the motor. The PWM controller is shown in Fig. 12.
Figure 14 Steady state sample period speed of PMSM.
Table 1 Speed results using SMC.
Time of reaching 0.02 s
Max. speed deviation (steady state) 300.06 Rad/s
Min. speed deviation (steady state) 299.94 Rad/s
Speed oscillations (steady state) Approx. ± 0.02%
Table 3 Compared torque results.
Torque PWM SMC
Torque range 0.25–2.25 N.m 0.1–2 N.m
Sudden torque change 1.8 N.m 1 N.m
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troller with the same motor parameters.
Fig. 13 shows the PMSM speed, torque, currents and volt-
age using PWM controller. These results can be summarized as
the following :
 The reference speed is 300 rad/s, the motor speed stabilized
at 0.02 s. Table 2 shows the results.
From Tables 1 and 2, it is noted that the SMC controller
reaches the motor speed close to the reference speed than
PWM controller. Also Fig. 14 shows the speed oscillations
for a sample time for both controllers at steady state which
concluded that the speed oscillations in the SMC controller
is less than in PWM controller.
 The motor torque drops to 1.8 N.m at 0.02 s due to
the torque reducing. The compared results are shown in
Table 3.
The torque in PWM controller switches between positive
and negative torques which means high torque ripples than
in the SMC controller.Table 2 Speed results using PWM.
Time of reaching 0.02 s
Max. speed deviation (steady state) 300.13 Rad/s
Min. speed deviation (steady state) 299.8 Rad/s
Speed oscillations (steady state) Approx. ± 0.06% The three phases currents have max. current 2 A at steady
state in PWM controller, while they have max. 1.72 A in
the SMC controller for the same motor.
 The voltage is chopped achieving the required motor cur-
rents and speed.
9. Conclusion
This paper presents the design of control system for control-
ling the speed of permanent magnet synchronous motor using
the decoupled sliding mode control algorithm. The decoupled
technique divides the system into electrical and mechanical
subsystems which can be separately modeled and controlled.
The proposed controller assures its validity and effectiveness
against the regular pulse width modulation controller. Simula-
tion results were presented for both controllers and a compar-
ative analysis with previous works is introduced to illustrate
the effectiveness of the suggested controller.
References
[1] Hung Lon-Chen, Chung Hung-Yuan. Decoupled sliding-mode
with fuzzy-neural network controller for nonlinear systems. Int J
Approx Reasoning 2007;46:74–97.
[2] Utkin VI. Variable structure systems with sliding mode: a survey.
IEEE Trans Automat Contr 1977;22:212–22.
[3] Chan ML, Tao CW, Lee TT. Sliding mode controller for linear
systems with mismatched time-varying uncertainties. J Franklin
Inst 2000;337(2):105–15.
[4] Sha D, Bajic VB, Yang H. New model and sliding-mode control
of hydraulic elevator velocity tracking system. Simulat Model
Pract Theory 2002;9(6):365–85.
Adaptive control of a synchronous motor via a sliding mode decomposition technique 129[5] Xu JX, Lee TH, Pan YJ. On the sliding-mode control for DC
servo mechanisms in the presence of unmodeled dynamics.
Mechatronics 2003;13(7):755–70.
[6] Bartolini G, Punta E, Zolezzi T. Simplex methods for nonlinear
uncertain sliding-mode control. IEEE Trans Automat Contr
2004;49(6):922–33.
[7] Wu WC, Liu TS. Sliding-mode based learning control for track-
following in hard disk drives. Mechatronics 2004;14(8):861–76.
[8] Yau HT. Design of adaptive sliding-mode controller for chaos
synchronization with uncertainties. Chaos Soliton Fract
2004;22(2):341–7.
[9] Yorgancioglu F, Komurcugil H. Decoupled sliding-mode con-
troller based on time-varying sliding surfaces for fourth-order
systems. Exp Syst Appl 2010;37:6764–74.
[10] Wua Tai-Zu, Wangb Jinn-Der, Juang Yau-Tarng. Decoupled
integral variable structure control for MIMO systems. J Franklin
Inst 2007;344:1006–20.
[11] Yorgancioglu Ferhun, Komurcugil Hasan. Decoupled sliding-
mode controller based on time-varying sliding surfaces for fourth-
order systems. Exp Syst Appl 2010;37:6764–74.
[12] Javad Rezaie, Mehdi Gholami, Reza Firouzi, Tohid Alizadeh,
Karim Salashoor. ‘‘Interior permanent magnet synchronous
motor (IPMSM) adaptive genetic parameter estimation’’, In:
Proceedings of the World Congress on Engineering and Computer
Science 2007, WCECS 2007, October 24-26, 2007, San Francisco,
USA. International Association of Engineers, Newswood Lim-
ited; 2007. ISBN:978-988-98671-6-4.
Fayez G. Areed, Professor of control engi-
neering faculty of engineering, Mansoura
niversity. His area of interests is adaptive and
optimal systems.Sabry F. Saraya, Associate Professor of con-
trol engineering, faculty of engineering,
Mansoura University. His area of interests is
adaptive, optimal and intelligent control
systems.Mohamed M. Abdel Salam, M.Sc., from
Mansoura University2008. He is currently
preparing to P.hd., degree at Mansoura Uni-
versity. His area of interests is adaptive,
Optimal, Embeded control systems.
